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E l l i p s o m e t r y  is a useful too l  t o  apply in t h e  study of electrochemical reac- 
tions which involve film formation or dissolution. 
it is very sensi t ive and because it may be applied in s i t u .  

Ellipsometry is  useful because 

I To understand el l ipsanetry,  we must understand polarized l i g h t .  L i g h t  i s  8n 
electrcmagnetic wave and so is  characterized by an e l ec t r i c  and a magnetic vector. 
Since t h e  e l ec t r i c  vector and magnetic vector are always normal t o  each other, we 
need only consider the motion of the e l ec t r i c  vector in  o w  discussion. 

incl inat ion of the l i gh t  may be described in terms of an angle, CY. 
ra t io ,  in el l ipsanetry,  it is convenient t o  take as our reference the direct ions 
normal and parallel t o  the test surface. 

In 1 l inear ly  polarized l i g h t ,  the e l ec t r i c  vector vibrates in a single plane. The 
, To define t h i s  

Then: 
? t an  u = Ep/En 

, where Ep is the amplitude of t h e  parallel e l e c t r i c  vector and En the amplitude of 
t h e  normal vector. 

When l i gh t  is passed through cer ta in  materials, polaroid(quinine lodosulfate), , for  example, or through cer ta in  prisms (Nicol prism) only l inear ly  polarized light 
vibrating in a cer ta in  plane is transmitted. ' ref lected or refracted at an interface between d ie lec t r ics  (e.g., air-water), the ' plane of polarization is shif ted causing a change in u. 

1 

' ents  of l i gh t .  Thus when linearly po1ar-d l i gh t  is passed through ca l c i t e ,  it 

When linearly polarbed light is 

Other materials, anisotropic msterials, cause a phase s h i f t  in the compon- 

These ccmponents t r ave l  is resolvedmto two components along its optical  axes. 
a t  d i f fe ren t  ve loc i t ies  so that a phase s h i f t  is introduced between the  components. 

, When the l i gh t  kmerges from such a crys ta l  it i s  no longer linearly polarized but 
'\ is  e l l i p t i c a l l y  polarized. The t i p  of the e l e c t r i c  vector no longer vibrates  i n  a 

single plane, but ro ta tes  with t i m e  and traces out an ellipse. 
' characterized by the angle of orientat ion of i t s  major axis and the r a t i o  of the 

two components. 

of two components normal t o  each other and the phase difference between them. 

This e l l i p s e  is 

An a l te rna te  way of characterizing the e l l i p se  i e  i n  t e r n  of the  amplitude 

When polarized l i gh t  is ref lected fran a conducting surface, both the  
/, 
' 

, 
amplitude rat io ,  t an  Q, and the phase are changed. 
is shi- t o  a combination of re f lec t ion  from a d i e l ec t r i c  and transmission 
through anisotropic material. 
m t r i c  parameters are defined. 

Thus, re f lec t ion  from a m e t a l  

For ref lect ion f r o m  a m e t a l ,  the  two basic ell ipso- 
The re la t ive  amplitude diminution: 

tan  * E t an  +/tan CYI 

\ where tan + is the  re la t ive  amplitude d idnu t ion  and R designates the ref lected 
beam alld I the incident beam. The difference in  phaee of the two components is 

' defined as:  



'is 

A = % -  D I  

where A i s  the r e l a t ive  phase retardat ion,  % i s  the phase difference of the normal 
and parallel components i n  the ref lected beam and DI is the same quantity for  the 
incident beam. 

When a film is  present On the metal surface, the re la t ion  between A and 1 and 
f i lm and m e t a l  properties becomes quite complex: 

1 + r e  r& exp(- 2i8) 
n rp + r: exp(- 2i6) 

n 1 + 

t an  ik exp(iA) = 

rZ3 exp( - 2i6 ) 

where 

and 

I+, cos qa - n cos a %  
cos cq, 'ab = nb cos va + 

. na cos va - n cos q, 
r -  
ab - n cos 'pa + I+, cos '% a 

xhere n i s  the re f rac t ive  index of the media ( for  absorbing media n = n + iK where 
n i s  r e a l  part of the  re f fac t ive  index and an absorption coeff ic ient) ,  r~ are the 
angles of incidence and re f rac t ion ,  L is  the f i l m  thickness, j b  the  wavelength of 
t he  l i g h t ,  and the  subscr ipts  1, 2 and 3 represent the medium, f i l m  and substrate, 
respect ively.  It is apparent that the r e l a t ion  between A and ~ and the f i l m  thick- 
ness and refract ive index is complicated. It has only been since the developnent 
of modern electronic  computers t ha t  the complete equations have b en used in calcu- 
la t ions .  Approximate formulas, val id  for very th in  films ( < l o 0  8), were derived , 

by Drude who a l s o  derived the complete ex,nressions but few? them t,% di-?ficult t o  
use. 

When p l o t s  22'e made of * versus d as a function of film thickness, the re la -  
t ion  i s  not complicated. For a transparent f i lm a closed curve i s  obtained which 
repeats for each wavelength of t h i c b e s s  (A/n). For an adsorbing f i lm t h i s  curve 
is a s p i r a l  which ends at the $-A point which corresponds t o  the re f lec t ion  from 

T h i s  termination of the s p i r a l  r e su l t s  when the film i s  so thick 
tha t  no l i gh t  ref lected fran the substrate  reaches the surface. 
meters m u s t  then be those for the  film alone. 
cannct be used  t o  determine the thickness. 

A t h e  f i l m  alone. 
The observed para- 

For such thick films e l l i p sme t ry  

An a l te rna t ive  type of representatition is  the polar coordinate type of plot ,  
in which' A i s  the angle and tan fi the  r ad ia l  distance. 

The Application of E l l ip sme t ry  t o  Electrochemistry 

To apply ellipsometry t o  electrochemistry, w e  must use an electrochemical ce l l .  
Thus, the light beam must pass through the c e l l  w a l l s  i n to  the  solution and then 
back out egain. 
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The basic cr i ter ie .  is  that  one must know wh8.t e f fec t  the c e l l  and solution 
have on the  polarization s t a t e  of the l i g h t .  
through a dielectr ic-dielectr ic  interface,  we have the relat ion:  

For passage of polarized l i g h t  

t a n  rYT 1 -- 
I - '1) t a n  - cos(m 

where t a n  crT.and tan  ry are the anplitude r a t i o  f o r  the transmitted knd incident 
beam and aI is the  angle of incidence and 9 i s  the  angle of  transmission. To have 
no change IJI tan cy at the interface is  desirable.  

This arrangement i s  frequently used. It has the advantage that  no corrections need 
be made f o r  the c e l l .  
of incidence is  fixed. 

Hence, we m u s t  have wI.= . 
For media of different  refract ive indices t h i s  can only occur for  normal i n c i  2 ence. 

The major disadvantage of t h i s  method i s  that the angle 

The a l te rna te  method is t o  use rectangular c e l l s  and correct f o r  t h e  changes 
at the interfaces .  These corrections are not complicated. Another correction 
which one must apply when working in solut ion is i n  the angel. of incidence. 
i s  not working with windows normal t o  the l i g h t  path, refract ion w i l l  occur a t  the 
interfaces anl thus change the angle of incidence. This i s ,  of course, e a s i l y  
corrected by Snell's law. 
cut advantage so that  secondary considerations as whether the angle of incidence is 
t o  be varied or convenience in c e l l  design w i l l  gwern the choice. 

Problems in  applying El l ipsmet ry  t o  Electrochemistry 

fi lm growth, one must know A' and 6O, t h e  values of A and 4. corresponding t o  the 
bare metal surface. In maqy cases it may prove d i f f i c u l t  t o  experimentally obtakl 
a bare m e t a l  surface i n  solution because of metal dissolut ion and spontaneous fi lm 
formation. Electrochemistry can aid itself here bj controll ing the potent ia l  of 
the  metal i n  a region in which the bare surface is s table .  When t h i s  i s  not 
possible, one m y  use data  obtained f r o m  high vacuum measurements f o r  the  bare 
surface. 

I f  one 

Neither normal windows or parallel windows of fer  a clear- 

a .  Refractive index of r;he Metal: To interpret  the changes in A and 9 upon 

b. The slowness of making measurements: Many electrochemical reactions occur 
qui te  rapidly so  that it is desirable t o  make rapid ell ipsometric measurements so  
that ccmpeting reactions do not d i s t o r t  the  measurements. The manual adjustment 
of the ellipsometer requires about one minute. This i s  a very long time compared 
t o  electrochemical t ransients  which axe of ten carried out in  a few milliseconds. 
Various types of autaaated e l l i p sme te r s  are being made but thus far only give a 
response on the order of a second. 
possible but require considerable sophistication in the  opt ical  and electronic  
components t o  give acceptable accuracy. 

In principle,  much f a s t e r  instruments a re  

c .  Interpretat ion of resu l t s :  The Fnterpretation of resu l t s  obtained by 
el l ipsanetry can be quite d i f f i c u l t .  
t ronic  conductors and hence absorb l i g h t .  
properties:  thickness, r e a l  part of the re f rac t ive  index and absorption coeffi-  
c ien t .  From a &le measurement of A a n d  t, these three quant i t ies  cannot be unique- 
ly determined. 
These may be e i ther  ell ipsometric measurements or involve 813 independent method. 
The e l l i p s m e t r i c  methods include varying the re f rac t ive  index of the media, vary- 
ing the substrate ,  varying the angle of incidence and vsrybg the wavelength. Non 
el l ipsmetr ic  methods are  t o  determine n or n f r m  independent measurements on the  
fi lm material and determining the mount of f i lm by coulometry. 

Many electrochemically formed fi lms are  elec- 
The f i b  then possess three opt ica l  

Several methods of attacking t h i s  problem have been suggested. 

0 
For very th in  films (100 A )  , the method of var ia t ion of film thickness with 



refract ive index assumed constant does not succeed unless very p e c i s e  (error  
<(O.0lo) measurements can be made. 
the method will generally not succeed. 
t i ve  index is l ike ly  t o  depend on thickness. 
method may succeed. 

Since the e r ror  is typical ly  greater than t h i s ,  
Also,  fo r  such very th in  f i l m s ,  the refrac- 

For films thicker than 100 8, t h i s  

The method of varying the substrate  while keeping the same film has been 
theore t ica l ly  shown t o  be successful. In pract ice ,  fo r  electrochemical measure- 
ments, this method could only be used fo r  adsorbed fi lms. For f i b  formed from 
the substrate  material, the  method i s  not applicable. Also, it may Wove exper- 
imentally d i f f i cu l t  t o  produce films of the same thickness on different  substrates. 

Theoretical calculat ions have sham that the method of var ia t ion  of the 
refractive index of the medium should a l so  be a feasible  method of obtaining a 
solution for  n, n and L. 
f i l m  as the  media is  changed - an assumption which may -prove d i f f i c u l t  t o  verify. 

However, one nust assume that no change occurs in  the 

Calculatinns have shown tha t  the method of var ia t ion of the angle of incidence 
may succeed i n  special  cases but is not 8 general method. 

The method of var ia t ion  of wavelength may also be attempted. O n e  complication 
which would enter is tha t  K w i l l  depend on the wavelength. 
addi t ional  variable s o  tha t  a solut ion would probably not be possible. 

This w i l l  give an 

The use of values of n or xfor  buUi materials has been used with some success. 
Here, one axst  show tha t  the th in  fi lm is the same as the bulk material on which 
the measurements were d e .  Also, fo r  very t h i n  films, it is probable tha t  n and 
n vary with thickness due t o  cap res s ion  of the film. 

The use of coulometry with e l l i p sme t ry  can be used t o  r e s t r i c t  the range of 
possible thicknesses. Thus, by combining coulometry with ellipsometry the values 
of n, H and L can be restricted. 

The overall picture presented on the poss ib i l i ty  of uniquely determining n, n 
In  r e a l i t y  the s i tua t ion  is not nearly so 

By r e s t r i c t ing  the values of n and irto ranges which axe experimentally found 
5 ) ,  cer ta in  r e s t r i c t ions  on the film properties may be made. 

and L fo r  th in  films seems ra ther  poor. 
bad. 
( 1  < n < 5 ,  0 < -x < 
A minimum value of f i lm thickness which i s  compatible with A and 1’ is  usually found. 
Thus one can conclude that the film must be thicker than a minimum value. Also, 
light absorbing films a re  readi ly  distinguished from transparent films. 

The problem i n  inhomogeneous f i lm has a l s o  received theore t ica l  a t tent ion.  
Here it has been sham tha t  the films are seen by the ellipsometer as a uniform 
film with an average thickness and re f rac t ive  index. 

summary 
Ellipsanetry is a very sensi t ive too l  which may be applied in s i t u  t o  study 

electrochemical react ions involviry f i lms.  I n  considerhg the use of ellipscanetry, 
one should cnnsider the problems i n  applying the method. 
cu l ty  of obtaining the opt ica l  parameters of bare metals and the d i f f i cu l ty  of 
analyzing l igh t  absorbing fibs.. These problems are  not insurmountable so that 
ellipsometry is becoming increasingly important i n  research. 

These include the d i f f i -  
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